A lthough levodopa treatment remains the gold standard for the treatment of Parkinson's disease (PD), long term results are hampered by motor complications such as dyskinesias and fluctuations. 1 In severe levodopa responsive forms of the disease with motor complications, continuous bilateral high frequency stimulation of the subthalamic nucleus (STN) is a promising therapeutic option. 2 However, the short term outcome of this treatment is still uncertain. According to some studies, STN stimulation offers an unique opportunity both to improve parkinsonian motor disability and levodopa related motor complications, and to reduce the daily dose of levodopa by more than 60%. [3] [4] [5] Other groups, however, have obtained less satisfactory results. [6] [7] [8] Little is known about the long term outcome of STN stimulation. There is only one report of a 5 year follow up of a cohort of 49 patients with advanced PD who underwent surgery. 9 We present here the results obtained in a series of 37 consecutive PD patients who were assessed in our centre 6 (n = 37), 24 (n = 32), and 60 months (n = 30) after bilateral stimulation of the STN.
METHODS

Patients
Between February 1996 and July 1999, 37 patients (24 men and 13 women) with severe levodopa responsive PD were treated with bilateral stimulation of the STN. Two of the patients had previously been treated with bilateral internal pallidal stimulation which was abandoned in favour of STN stimulation because of the recurrence of parkinsonian symptoms after 2 years. The selection criteria for neurosurgery were: (i) advanced clinically diagnosed PD 10 (median (interquartile range, IQR) Hoehn and Yahr score 11 5 (4-5) ''off'' medication; mean (standard deviation, SD) Schwab and England score 12 38.3% (21.8%) ''off'' medication; mean (SD) disease duration at time of surgery 15.2 (5.3) years); (ii) >40% improvement in motor symptoms in response to levodopa treatment (median improvement 69%, IQR 55-77%); (iii) occurrence of severe levodopa related motor complications despite optimal adjustment of antiparkinsonian medication (mean (SD) daily dose of levodopa equivalent 13 1468 (811) mg); (iv) less than 70 years of age at the time of surgery (mean (SD) age 54.9 (9.1) years) except for two patients aged 71 and 74; (v) absence of dementia (mean (SD) Mattis Dementia Rating Scale 14 score 140.2 (3.9); mean (SD) ''frontal'' score 15 43.2 (7.2)) or major ongoing psychiatric disorders including depression (MADRS 16 score (SD) 10.9 (5.6)); and (vi) absence of neurosurgical and neuroradiological contra-indications. 17 All patients gave informed written consent according to the Declaration of Helsinki, 18 and the study was approved by the local Ethical Committee of the Groupe Hospitalier Pitié-Salpêtrière, Paris, France.
Neurosurgical procedure
The neurosurgical procedure was performed as previously described. 17 The electrodes were implanted in one operation under local anaesthesia using an approach combining intra-operative recording and stimulation. 19 The definitive quadripolar electrodes (model 3389-28; Medtronic, Minneapolis, MN, USA) were implanted bilaterally and connected to a subcutaneous programmable pulse generator (Itrel II; Medtronic) in the subclavicular area. Electrical parameters (voltage, pulse width, and frequency) were progressively adjusted using an electromagnetic programmer (7532 neurological programmer; Medtronic).
Clinical evaluation
Patients were systematically examined 1 month before surgery and 6, 24, and 60 months after surgery. Activities of daily living (ADL; Unified Parkinson Disease Rating Scale
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(UPDRS) part II) were scored during an interview evaluating the ''off'' and ''on'' drug conditions. After surgery, the percentage improvement in ADL was calculated with respect to the preoperative ADL ''off'' medication score. Before surgery, evaluation of motor disability (UPDRS part III) was performed in the ''off'' state as defined by the Core Assessment Program for Intracerebral Transplantation (CAPIT) in PD, 21 that is at least 12 h after withdrawal of antiparkinsonian medication, and in the best ''on'' drug condition after the administration of a single suprathreshold dose of levodopa (50 mg more than the usual effective dose taken in the morning). The ''axial'' score was defined as the sum of the following motor subscores: speech, rising from a chair, posture, postural stability and gait (items 18, 27, 28, 29, and 30 of the UPDRS part III). The axial score was assessed in the same ''off'' and ''on'' drug conditions. After surgery, the parkinsonian motor disability and axial scores were evaluated in four conditions: (i) ''off'' stimulation and ''off'' drug, after a night without drug treatment and after stimulation had been switched off for 12 h (first 27 patients) or for at least 1.5 h (10 patients); (ii) ''on'' stimulation and ''off'' drug, after stimulation had been switched on for at least 1 h; (iii) ''off'' stimulation and ''on'' drug, after stimulation had been switched off for at least 1 h and after the administration of a suprathreshold dose of levodopa (equivalent to the preoperative dose), and (iv) ''on'' stimulation and ''on'' drug, after stimulation had been switched on using the chronic stimulation parameters. All four conditions were evaluated on the same day. The percentage improvement in overall motor disability and axial scores was calculated with respect to the preoperative ''off'' drug condition. Levodopa related complications were evaluated using the UPDRS part IV including the scores for motor fluctuations (part IV-A) and levodopa induced dyskinesias (part IV-B). The severity of the disease was assessed using the Hoehn and Yahr and the Schwab and England scores in the ''off'' and ''on'' drug conditions. Neuropsychological and mood assessments included the Mattis, frontal, and MADRS scores under long term STN stimulation and antiparkinsonian treatment.
Statistical analysis
Primary outcome measures were grouped into four categories: (i) motor assessment (UPDRS part III, including the axial score); (ii) ADL (UPDRS part II); (iii) treatment and treatment related complications (UPDRS part IV, including the subscores UPDRS IV-A for motor fluctuations and UPDRS IV-B for dyskinesias; daily levodopa equivalent dose; stimulation strength); (iv) neuropsychological assessment (Mattis, frontal, and MADR scales; UPDRS I). A Bonferroni correction was performed to control for the familywise type I error rate within each of these categories, and the results were considered to be significant for the outcome measures of categories (i) to (iv) at p,0.017, 0.05, 0.01, and 0.013, respectively. The effects of continuous bilateral STN stimulation on parkinsonian symptoms were analysed using repeated measures analysis of variance. Dependent variables were the raw primary outcome measures. Independent variables were the sequence of assessment (that is, time) for all outcome measures, and medication status (''on'' or ''off'' medication), stimulation status (''on'' or ''off'' stimulation), and the interaction between these variables, where appropriate. Differences between single assessments were analysed only if a significant global effect was present and no correction for these pairwise comparisons was made.
Comparison of the long term benefits of stimulation and drug treatment on axial and non-axial motor signs, expressed relative to the pre-operative ''off'' state, was performed with the Wilcoxon signed rank test. Only patients surviving at least 5 years after surgery were included in the statistical analyses. The data are presented as means (SD) except for percentages of improvement for which the medians are given. Statistical analysis was performed with the SAS statistical software package (SAS Institute, Cary, NC, USA).
RESULTS
During the 60 month follow up period, six patients died: two died as a result of worsened motor disability, mainly axial, attributed to progression of the disease; one committed suicide; one died from spontaneous cerebral bleeding of unknown cause 4 years after neurosurgery; and two died suddenly of an unidentified cause (one of whom was found to have multiple system atrophy at autopsy). One patient moved away and was lost to follow up. Thirty seven patients were evaluated before and 6 months after surgery, 32 patients at 24 months, and 30 patients at 60 months after surgery.
Effects of continuous bilateral stimulation of the subthalamic nucleus on parkinsonian motor disability Before surgery, there was a 69% improvement in parkinsonian motor disability (UPDRS III) at the time of maximal clinical improvement following the administration of a single suprathreshold dose of levodopa (table 1) . Six, 24, and 60 months after surgery, the motor disability score was improved by 59, 69, and 54%, respectively, with STN stimulation alone (''on'' stimulation ''off'' drug), and by 60, 75, and 59% under levodopa treatment alone (''off'' stimulation ''on'' drug). The combination of STN stimulation with levodopa administration produced significantly greater motor improvement (81, 85, and 73% at 6, 24, and 60 months after surgery) than obtained postoperatively with either levodopa (''off'' stimulation ''on'' drug) or stimulation (''on'' stimulation ''off'' drug) alone. This effect, also observed for the parkinsonian axial score, was sustained during the entire follow up, although both the UPDRS III and axial scores worsened significantly over the postoperative period. The long term benefit 60 months after neurosurgery was higher for non-axial signs (median 76%, ''on'' stimulation ''on'' drug) than for axial signs (53%) of the UPDRS III, with a median difference of 16% (p,0.0003, not shown).
Levodopa related motor complications (UPDRS IV) were improved by 88, 83, and 67% at 6, 24, and 60 months after neurosurgery, respectively (table 1). The UPDRS IV score at the end of the study was significantly worse than at 6 months after surgery. The severity of motor fluctuations and levodopa induced dyskinesias was diminished by 100, 100, and 67%, and 86, 86, and 79%, respectively, at 6, 24, and 60 months after surgery. The UPDRS IV subscores for dyskinesias and motor fluctuations remained significantly better than the preoperative state throughout the follow up period, but showed a tendency to worsen with time that did not reach statistical significance.
Six, 24, and 60 months after surgery, the daily dose of levodopa equivalent was decreased by 64, 63, and 58% (table 1) Effects of continuous bilateral stimulation of the subthalamic nucleus on activities of daily living and neuropsychological status Before surgery, antiparkinsonian drug treatment improved the ADL score (UPDRS II) by 67%. Six, 24, and 60 months after surgery, the ADL score was improved by 67, 68, and 40% when patients were under continuous STN stimulation without drug treatment (''on'' stimulation ''off'' drug) and 81, 72, and 60% with STN stimulation and drug treatment (''on'' stimulation ''on'' drug) (table 1). Although the ADL score under STN stimulation and drug treatment (''on'' stimulation ''on'' drug) 6 months after surgery was better than the preoperative score in the ''on condition'', this was no longer true 24 and 60 months after surgery. The UPDRS part I, Mattis, and frontal scores remained unchanged 6 and 24 months after the operation compared to the pre-operative state, but worsened significantly although moderately by the end of the study (table 2) . No significant change in the MADRS score was observed during follow up.
Adverse events
No permanent adverse events, in particular intracerebral haemorrhage, were observed during or immediately after surgery. A few transient adverse events were observed during the peri-operative period: three patients experienced a hypomanic state, six were confused, one had emotional lability for a few days, and two had unexpected urinary retention necessitating transurethral resection of the prostate (table 3) . Poorly placed leads were successfully replaced in two patients because of an initially unsatisfactory clinical result. The right lead was reimplanted in one patient due to accidental disconnection. Infection of the left stimulator led to unilateral explantation before the 60 month assessment in one patient.
Stimulators (Soletra, Medtronic) were replaced in 13 patients during the 60 month postoperative period because or in anticipation of exhaustion of the battery. Transient stimulation induced side effects included muscle contractions, hypomania, and disinhibition or emotional lability. Persisting adverse effects most likely related to continuous STN stimulation included eyelid opening apraxia (n = 11), weight gain (n = 12), and hypomania (n = 2).
Adverse effects linked to medical treatment, STN stimulation, or progression of the disease were either transient (depression, suicide attempts, disabling dyskinesias, hallucinations, psychosis, apathy, and aggressive behaviour) or Values are means (SD), median percentage improvement. The median percentage improvement is in comparison to the preoperative ''off'' drug condition, for UPDRS IV in comparison to the preoperative ''on'' drug condition. *p significant compared with the ''off'' drug condition before surgery (see Methods). Àp significant compared with the ''on'' drug condition before surgery (see Methods). p significant compared with the ''on'' stimulation ''off'' drug condition (see Methods). 1p significant compared with the corresponding assessment 6 months after surgery (see Methods). ôp significant compared with the corresponding assessment 24 months after surgery (see Methods).
permanent (disinhibition or emotional lability, n = 8; addiction to levodopa treatment, n = 3; depression, n = 8; worsening of dysarthria, n = 13; disabling dyskinesias, n = 8; progressive cognitive deterioration, n = 8; and apathy, n = 4).
DISCUSSION
Despite the absence of a control group, our results indicate that long term post operative improvement in parkinsonian motor disability was sustained for 5 years after neurosurgery in patients with levodopa responsive PD treated by bilateral high frequency stimulation of the STN. Despite the marked improvement in motor function following STN stimulation, scores for ADL (UPDRS II ''on'' medication ''on'' stimulation), which improved transiently after the operation, declined to preoperative values 24 months after surgery. There are several possible explanations for this observation.
(i) Parkinsonian motor disability ''on'' medication ''on'' stimulation improved for only 24 months and had returned to baseline (the ''on'' medication condition before surgery) by the end of the follow up. Although the total and axial scores (UPDRS III) remained markedly improved following stimulation, they worsened slightly but significantly during the postoperative follow up. This was more pronounced for dysarthria, postural instability, and gait disorders (axial motor score), symptoms known to have great impact on the quality of life of patients. 22 This is consistent with the fact that axial symptoms, which respond less well to levodopa treatment, 23 result from the progressive development of nondopaminergic lesions. 24 (ii) Depression did not worsen during the postoperative follow up, but cognition did (table 2). We assume that significant cognitive decline, observed essentially in eight patients (table 3) , had a negative effect on the activity of daily living score of the whole group of patients.
(iii) A change in the antiparkinsonian drug regimen might also be a contributing factor. This is unlikely, however, as both the marked reduction in the daily doses of levodopa and the stimulation parameters remained unchanged over the 5 year follow up (table 1) . Although the doses of the antiparkinsonian treatment did not increase, motor complications became moderately but significantly more severe during the postoperative period. It may be hypothesised that the worsening of dyskinesias in many patients (table 3) was due, at least partly, to continued degeneration of the nigrostriatal dopaminergic neurons.
(iv) The numerous adverse effects observed during follow up could also have had an impact on the quality of life of the patients (table 3) . Unlike the transient adverse reactions, which were successfully treated during the weeks and months following neurosurgery, several permanent complications of surgery could have interfered with the patients' ADL. Severe adverse effects, in particular cerebral haemorrhage, were not observed, but eyelid opening apraxia 9 and weight gain, 25 as well as hypomania and disinhibition, 26 27 were frequent. They can reasonably be attributed to the stimulation procedure, though effects of antiparkinsonian medication or the progression of PD cannot be excluded. The development of dysarthria was another permanent adverse event that could have altered the quality of life of patients. The persistence of apathy and depression in several patients 27 (table 3) and their probable negative effects on the personal, familial, and socio-professional status of the patients, is difficult to interpret. We presume that these symptoms resulted from factors that could not be ameliorated by neurosurgery, such as the decrease in dopaminergic transmission in extra-striatal (in particular limbic) areas that was no longer compensated for by sufficient levodopa once the daily dose was decreased (table 1) , and the presence of serotoninergic and noradrenergic lesions that are characteristic of PD. 24 Unexpectedly, motor disability did not worsen over 5 years (table 1) . (i) Selection bias cannot be excluded in the absence of a control group. This is unlikely, however, in this homogeneous group of levodopa responsive patients with a long course of the disease. (ii) A residual effect of STN stimulation may be hypothesised 28 as the delay between the interruption of stimulation and the assessment of motor disability could not be strictly the same in all patients. (iii) A neuroprotective effect of STN stimulation has been suggested in rats, 29 but this remains to be demonstrated in patients. 30 All these explanations are not mutually exclusive. Values are mean (SD). *p,0.013 compared with before surgery; Àp,0.013 compared with the corresponding assessment 6 months after surgery;`p,0.013 compared with the corresponding assessment 24 months after surgery. In conclusion, our findings confirm the results of the previous long term study of 49 consecutive patients treated with bilateral stimulation of the STN. 9 The results differ, however, from some studies performed after shorter evolution times in which far less improvement of parkinsonian motor disability was found after STN stimulation, [6] [7] [8] although they are consistent with others. [3] [4] [5] Differences in the clinical evaluations, neurosurgical procedures, and methods of assessment may explain inconsistencies between studies. However, we think that the marked efficacy of STN stimulation in reducing parkinsonian motor disability in our study resulted primarily from the strict selection of patients at inclusion before neurosurgery, 31 and from the careful management of the patients by the same multidisciplinary team before, during, and after surgery.
